Ultralow-velocity zones (ULVZs) at Earth's core-mantle boundary region have important implications for the chemical composition and thermal structure of our planet, but their origin has long been debated [1] [2] [3] . Hydrogen-bearing iron peroxide (FeO 2 H x ) in the pyrite-type crystal structure was recently found to be stable under the conditions of the lowermost mantle 4-6 . Using high-pressure experiments and theoretical calculations, we find that iron peroxide with a varying amount of hydrogen has a high density and high Poisson ratio as well as extremely low sound velocities consistent with ULVZs. Here we also report a reaction between iron and water at 86 gigapascals and 2,200 kelvin that produces FeO 2 H x . This would provide a mechanism for generating the observed volume occupied by ULVZs through the reaction of about one-tenth the mass of Earth's ocean water in subducted hydrous minerals with the effectively unlimited reservoir of iron in Earth's core. Unlike other candidates for the composition of ULVZs [7] [8] [9] [10] [11] [12] , FeO 2 H x synthesized from the superoxidation of iron by water would not require an extra transportation mechanism to migrate to the core-mantle boundary. These dense FeO 2 H x -rich domains would be expected to form directly in the core-mantle boundary region and their properties would provide an explanation for the many enigmatic seismic features that are observed in ULVZs 1,13,14 . The core-mantle boundary (CMB) represents a region with the largest compositional and rheological contrast within Earth, and it has a key role in the thermal and chemical evolution of the planet 3 . Seismological studies have revealed a number of thin, dense domains, with variable thicknesses of 5-40 km, lying directly above the CMB, called ULVZs, where seismic wave speeds are depressed by about 10% for P-waves (V P ) and by about 10%-30% for S-waves (V S ) 1, 13, 14 . Most ULVZs appear as distinct domains within and near the margins of large low shear velocity provinces (LLSVPs), but some have been mapped far from LLSVPs, suggesting lateral thermal and compositional chemical heterogeneities at the base of the mantle 15 . In particular, the density increase of about 10% in ULVZs is probably due to the enrichment of heavy elements such as iron. Iron-enrichment in ULVZs may have an impact on core heat flow and thus on the generation and variability of the geomagnetic field 7 . Moreover, the velocity anomalies might indicate that ULVZs are partially molten, reflecting temperature anomalies or compositional heterogeneity in the region, which in turn could be the source of deep-mantle plumes 14, 16 . Many previous studies have attributed ULVZs to partial melting 7 , although the presence of silicate melts in the CMB region is still debated, largely owing to the uncertainty of the mantle thermal structure near the CMB 17 and the instability of a basal magma ocean 18 . Alternatively, accumulated silicate sediments from the core 8 , subducted banded iron formations 9 , iron-enriched mantle phases like postperovskite 10 and ferropericlase
. Most ULVZs appear as distinct domains within and near the margins of large low shear velocity provinces (LLSVPs), but some have been mapped far from LLSVPs, suggesting lateral thermal and compositional chemical heterogeneities at the base of the mantle 15 . In particular, the density increase of about 10% in ULVZs is probably due to the enrichment of heavy elements such as iron. Iron-enrichment in ULVZs may have an impact on core heat flow and thus on the generation and variability of the geomagnetic field 7 . Moreover, the velocity anomalies might indicate that ULVZs are partially molten, reflecting temperature anomalies or compositional heterogeneity in the region, which in turn could be the source of deep-mantle plumes 14, 16 . Many previous studies have attributed ULVZs to partial melting 7 , although the presence of silicate melts in the CMB region is still debated, largely owing to the uncertainty of the mantle thermal structure near the CMB 17 and the instability of a basal magma ocean 18 . Alternatively, accumulated silicate sediments from the core 8 , subducted banded iron formations 9 , iron-enriched mantle phases like postperovskite 10 and ferropericlase 11 , and iron-carbon metallic melts forming in the lowermost mantle 12 have also been proposed as possible explanations for the origins of ULVZs. We note that there may be more than one type of ULVZ, given that P-and S-wave velocity reductions and density increases vary among different ULVZs, indicating that different mechanisms may individually or jointly produce ULVZs within Earth 13 . Iron peroxide (FeO 2 ) with the space group Pa3 was recently found to form under the high pressure-temperature conditions relevant to Earth's lower mantle beneath 1,800 km through the partial dehydrogenation of goethite (α -FeOOH) or the reaction of hematite (Fe 2 O 3 ) with H 2 O (ref. 4) . Further experiments 5 demonstrated that a varying amount of hydrogen can diffuse into the FeO 2 lattice to form FeO 2 H x (with x from 0 to 1). The formation of the pyrite-type phase of FeOOH has recently been confirmed 6 under pressure-temperature conditions of Earth's lower mantle. That work 6 suggested that goethite (α -FeOOH) would transform into the pyrite-type high-pressure phase without loss of any hydrogen at pressure-temperature conditions up to 2,400 K at 111 GPa and 1,500 K at 129 GPa. The FeO 2 H x -bearing domains will be very different from the nominally bridgmanite-ferropericlase mantle and may enable us to interpret many of the seismic and geochemical anomalies in the CMB region 4 . However, many of the physical properties of FeO 2 H x and its potential abundance within Earth are not well constrained. Here we have combined high-pressure experiments and first-principles calculations to study the formation mechanisms and sound velocities of FeO 2 H x in order to evaluate whether it would be a more plausible candidate for ULVZs.
We conducted in situ high-pressure synchrotron experiments on FeO 2 H x up to CMB pressures using a laser-heated diamond anvil cell (DAC) coupled with X-ray diffraction (XRD) at beamlines 16ID-B and 13ID-D and nuclear resonant inelastic X-ray scattering (NRIXS) at 16ID-D of the Advanced Photon Source, Argonne National Laboratory. In one run, a piece of iron foil was suspended in excess water in a Re gasket and was compressed in a DAC to 86 GPa at room temperature. XRD patterns before laser heating showed diffraction peaks only from iron and water. After the sample was heated with infrared lasers to 2,200 K, the diffraction peaks of iron were replaced with a number of new peaks that can be indexed with the pyrite-type phase of FeO 2 H x and the face-centred cubic (f.c.c.) phase of FeH ( Fig. 1 ), demonstrating that FeO 2 H x can form through iron superoxidation by water under the pressure-temperature conditions of the deep lower mantle.
In the other three runs, starting materials of 57 Fe-enriched hematite (Fe 2 O 3 ) in either H 2 O or O 2 media were compressed in a DAC to about 90 GPa and laser-heated to 1,800-2,200 K to synthesize iron peroxide.
(Extended Data Fig. 1 ) in perfect agreement with the pyrite-type phase of iron peroxide. The diffraction peaks of iron peroxide (Extended Data Fig. 1 ) persisted up to the maximum pressure-temperature conditions of the present study (2,600 K at 133 GPa and 3,100-3,300 K at 125 GPa), showing that iron peroxide is stable under the pressure-temperature conditions relevant to the CMB. The XRD measurements were used for determinations of unit-cell volumes. For a given pressure, the unit cell of iron peroxide synthesized from Fe 2 (Fig. 2) . According to ref. 5 , the hydrogen concentration (x) was estimated to be 0.5-0.7 in the synthesized FeO 2 H x sample that was used for NRIXS experiments in the present study.
The partial phonon density of states (PDOS) was experimentally determined at 81 (± 2) GPa for FeO 2 and 133 (± 4) GPa for FeO 2 H x from NRIXS measurements at room temperature (Fig. 3) . The peak positions for the PDOS from our high-pressure experiments are consistent with our theoretical calculations (inset to Fig. 3 ). The Debye sound velocity V D of iron peroxide was extracted from its PDOS (Fig. 3) . Then the V P and V S of FeO 2 and FeO 2 H x were determined from their V D , density and isothermal bulk modulus (see Methods). The V P of FeO 2 H x at 133 GPa and 300 K from NRIXS measurements is 11.32 (± 0.27) km s , which is comparable to theoretical calculations, while the experimental V S is 4.50 (± 0.07) km s , which is relatively lower than the theoretical result (Extended Data Fig. 2 ). We note that there is an offset in the absolute values of the theoretical calculations from those of NRIXS experiments. Because conducting NRIXS experiments under conditions of simultaneous high pressure and high temperature is extremely challenging, the effects of temperature and hydrogen on the sound velocities of FeO 2 H x were extracted from theoretical calculations. In particular, our theoretical calculations showed that the V S of FeO 2 is modified by < 1% with the incorporation of hydrogen and slightly increases by approximately 5% from 5.29 km s −1 at 60 GPa to 5.58 km s −1 at 140 GPa at 300 K, while the incorporation of hydrogen may increase the V P of FeO 2 by approximately 2%-3% between 60 GPa and 140 GPa at 300 K (Extended Data Fig. 2 ). In particular, the effect of temperature on the sound velocities of FeO 2 H is greater than for FeO 2 at 60-130 GPa (Extended Data  Fig. 3 ). For example, our theoretical calculations suggest that the reductions of V P and V S are approximately 4% and 6% for FeO 2 H and 3% and 4% for FeO 2 , respectively, from 300 K to 3,000 K at 130 GPa (inset to Fig. 4) .
The hydrogen content appears to have a weak influence on the sound velocities and Poisson ratio of FeO 2 H x at CMB conditions. Our theoretical calculations show that FeO 2 H is approximately 1% faster in V P and 3% slower in V S in comparison to hydrogen-free FeO 2 at 3,000 K and 130 GPa (inset to Fig. 4 ). Assuming that the tempe rature dependence of the sound velocities of FeO 2 and FeO 2 H determined from our theoretical calculations is applicable for our NRIXS experimental results at room temperature, the V P and V S of FeO 2 H x (with x from 0 to 1) have been extrapolated to 3,000 K and . 4 ). The extrapolated values have an uncertainty of 5%-10% when considering uncertainties from NRIXS measurements, the effect of temperature on sound velocities based on our theoretical calculations, and the hydrogen concentration of FeO 2 H x . In contrast, the incorporation of hydrogen can greatly affect the density of iron peroxide. Our theoretical calculations suggest that FeO 2 is approximately 9% denser than FeO 2 H at 130 GPa (Extended Data Fig. 4) .
The velocity reductions in V P and V S for FeO 2 H x are approximately 20% and 42%, respectively, relative to the radially averaged one-dimensional seismic model (PREM) 19 in the CMB region. The Poisson ratio of FeO 2 H x is 0.41, which is higher by approximately 35% compared to PREM. A mixture of 40%-50% FeO 2 H x with the ambient mantle will cause a decrease of about 10% in the V P at the CMB, while reducing the V S by 10%-30% when the large uncertainty on the V S of FeO 2 H x is considered. The density of this mixture is about 10% higher than that of PREM at the CMB. The changes in these parameters of FeO 2 H x -bearing domains can explain many of the seismic features of ULVZs (Fig. 4) . Geodynamic simulations 20 suggested that not all of the subducted oceanic crust would descend to the CMB because thin domains cannot provide enough negative buoyancy to overcome mantle viscous stresses. Therefore, FeO 2 H x forming from goethite in the subducted oceanic crust might not reach ULVZs.
In addition to primordial water in Earth's deep mantle 21 , recent studies have shown that water on the surface may be transported in descending subducted plates to the base of the mantle in the form of aluminous hydrous silicates (for example, phase H) 22 . The hydrous partial melt from dehydration of hydrous minerals at the CMB might react with the Fe 2 O 3 component of mantle silicates and subducted banded iron formations 9 to form FeO 2 H x . Most importantly, the total quantity of FeO 2 H x is controlled by the available water when FeO 2 H x forms through the reaction of the iron core with water across the CMB. The estimated amount of water subducted globally is about 10 12 kg yr −1 (ref. 23 ), of which 7 × 10 11 kg yr −1 returns to the surface through volcanism, and 3 × 10 11 kg yr −1 is subducted past the volcanic front and can be delivered to the deeper mantle 24 . To build ULVZs that contain 40%-50% FeO 2 H x with thicknesses of about 5-20 km over about 12% of the surface of the CMB 9 would require only a flat rate of about 4.5 × 10 10 kg yr −1 water reaching the CMB over the past 4.6 Gyr. A total mass of water of about 1.383 × 10 20 kg, corresponding to approxi mately one-tenth of the mass of water in Earth's oceans, is sufficient to form ULVZs. Therefore, with the nearly unlimited reservoir of iron in the core and a relatively modest amount of water, the formation mechanism of iron superoxidation by water described here is able to generate a volume of FeO 2 H x -rich domains at the CMB that is sufficient to explain the formation of ULVZs. Furthermore, our experimental results show that FeO 2 H x is stable at least up to 3,100-3,300 K at 125 GPa, indicating that this pyrite-type phase is stable at the pressure-temperature conditions of the base of the mantle 6 . Thus, FeO 2 H x does not melt and would be preserved on the mantle side of the CMB where the denser outer core (about 10 g cm −3 ) prevents it from sinking further 6 . In contrast, iron hydride associated with hydrogen-bearing iron peroxide FeO 2 H x from the iron-water reaction at the CMB probably dissolves into the outer core, because the melting tempe rature of iron hydride is lower by around 1,000 K than that of mantle silicates and oxides 25 . Therefore, FeO 2 H x provides a more compelling explanation for the origin of ULVZs than do either partial melting or the presence of iron-enriched anhydrous phases. The presence of hydrogen in iron peroxide strongly affects its density and sound velocities; that is, the incorporation of hydrogen increases the V P of iron peroxide but has an opposite effect on the Vs in the lowermost mantle. Such distinct effects of hydrogen on sound velocities may help to explain anti-correlated seismic velocity anomalies in the region 15 . Moreover, at the CMB, FeO 2 H x is in contact with the iron core where hydrogen may be abundant through alloying of hydrogen with iron in the early Earth 28 . We can expect hydrogen migration across the CMB, with its direction depending on the partition coefficients of hydrogen between FeO 2 H x and Fe-H alloys, suggesting that the deep hydrogen cycle may involve the entire Earth. We could also expect FeO 2 H x to be enriched in heavy iron isotopes ( 56 Fe/ 54 Fe) owing to the presence of hydrogen and its superoxidation state, which may help to control the iron isotopic features of the deep Earth 29 . The geochemical reservoirs in ULVZs may be entrained in mantle upwellings and transported to the surface 14 , where they would then contribute to the iron isotopic signature observed in terrestrial basalts.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. [18] [19] GPa between a pair of diamond anvils with 150-300 μ m bevelled culets that were used in a DAC to reach pressures of over one megabar. Cubic boron nitride was placed as an inner gasket insert to keep the sample as thick as possible under extreme conditions. A hole of 80-90 μ m in diameter was drilled in the centre as a sample chamber using a laser drill system at the HPCAT 31 . A platelet of hematite sample 25-35 μ m in diameter and about 10 μ m thick was loaded into the sample chamber together with a small piece of gold (Au) about 10 μ m in diameter and/or a ruby sphere as the pressure maker. For synthesizing pure iron peroxide, the DAC was placed in a sealed copper container that was immersed in liquid nitrogen. The container was fluxed with oxygen gas that would be liquefied. Once the level of liquid oxygen reached above the diamond anvil table on the cylinder side, liquid oxygen would be entrapped in the sample chamber after the DAC was sealed. FeO 2 was then synthesized by laser heating at approximately 80 GPa. XRD patterns were collected and confirmed to form FeO 2 in the pyrite structure. The Fe 2 O 3 starting sample fully reacted with oxygen to form FeO 2 after laser heating at 1,800-2,000 K for approximately 1.5 h. On the other hand, for synthesizing FeO 2 H x , we loaded high-quality pure deionized water into the sample chamber, instead of liquid oxygen, to react with Fe 2 O 3 to form FeO 2 H x at high pressure and high temperature. The sample was fully transformed into FeO 2 H x in the pyrite-type structure at relatively higher pressures of 90-100 GPa and higher temperatures of 2,000-2,200 K with laser heating for around 2 h. Synchrotron XRD experiments. XRD measurements were conducted at beamlines 16-IDB and 13-IDD of the Advanced Phonon Source, Argonne National Laboratory. A highly monochromatized incident X-ray beam was used with an energy of 33.17 keV (0.3738 Å) for the former and 37.08 keV (0.3344 Å) for the latter. The incident X-ray beam was focused down to a beam size of 2-5 μ m in the full-width at half-maximum (FWHM) at sample position. For laser-heating XRD experiments, two infrared laser beams were focused down to 20-30 μ m in FWHM on both sides of the sample and they were co-axially aligned with the incident X-ray beam using the X-ray induced luminescence on the sample and/or ruby 32, 33 . The temperature of the heated samples was calculated through fitting the measured thermal radiation spectra with the grey-body approximation and its uncertainty was ± 100-200 K on the basis of multiple temperature measurements on both sides. Pressure and its uncertainty were determined from the lattice parameters of Au 34 . NRIXS experiments. High-pressure NRIXS experiments on FeO 2 and FeO 2 H x in DACs at 81-133 GPa were performed at the beamline 16-IDD, Advanced Photon Source, Argonne National Laboratory. A symmetric DAC was modified and had four enlarged side openings that allowed access to the four avalanche photodiode detectors. Each NRIXS spectrum was scanned around the nuclear transition energy of 14.4125 keV of the 57 Fe isotope with a step size of 0.5 meV or 0.6 meV and a collection time of 10 s per energy step. The X-ray beam bandwidth is 2 meV. Each NRIXS scan took approximately 1.5 h. Owing to the extremely low NRIXS single count rate for FeO 2 at 81 GPa and FeO 2 H x at 133 GPa and 300 K, about 65 NRIXS scans per pressure point (approximately 3-4 days of beamtime) were collected and co-added together to achieve good statistics (Extended Data Table 1 ). The measured NRIXS spectra were processed using the PHOENIX software (version 2.1.3) 35 . It removed the elastic contribution and applied the quasi-harmonic lattice model to extract the partial PDOS of the 57 Fe isotope in the aggregate samples (inset to Fig. 3) 
35
. The low-energy portion of the PDOS can be used to derive the Debye sound velocity (V D ) using the Debye model. The low-energy range of the PDOS was determined using the best fit in the χ 2 analysis and then used to derive V D (Fig. 3) . Using the V D from NRIXS measurements and the density (ρ) and isothermal bulk modulus (K T ) data from the equation of state of the sample, the aggregate V P and V S of the sample can be calculated from the following equations:
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where the adiabatic bulk modulus K S is approximated by K T , which is usually smaller than K S by about 1%. The Raman spectra of the diamond anvils were used as a pressure gauge 36 , while the highest pressure of 133 GPa for FeO 2 H x was cross-checked with the equation of state 34 of Au. The Poisson ratio (ν) is then determined from: where q is the phonon wave vector, m is the normal index, ω q,m is the vibrational frequency of the system, and ħ and k B are the Planck and Boltzmann constants, respectively. The first, second and third terms in equation (6) are the static internal, zero-point and vibrational energy contributions under temperature T at equilibrium volume V, respectively. Calculations of elastic moduli using this frequently used method require the vibrational frequencies of many strained configurations, thus making calculations of elasticity at high temperatures and pressures costly. A semianalytical approach to calculating the thermal contribution to elastic tensors has been proposed 38 that requires only the vibrational density of states for unstrained configurations and static elasticity. This approach reduces the computation time to the level of no more than 10% of the usual method without loss of accuracy.
To obtain the vibrational density of states for unstrained configurations and static elasticity at different volumes, we performed first-principles calculations using the Quantum Espresso package 39 based on density functional theory, adopting a generalized gradient approximation (GGA) for the exchange correlation function. Electronic wavefunctions were expanded by a plane-wave basis with an energy cutoff of 80 Ry and a charge density of 800 Ry. The pseudopotentials for iron and hydrogen, Fe.pbe-spn-kjpaw_psl.0.2.1.UPF and H.pbe-kjpaw_psl.0.1.UPF, which are available in the online Quantum Espresso pseudopotential library (http://www.quantum-espresso.org/pseudopotentials/), were generated using the Projector augmented-wave method 40, 41 . A norm-conserving pseudopotential was used for oxygen generated by the Troullier-Martins method 42 with a valence configuration of 2s 2 2p 4 . Owing to the insufficient treatment of the large on-site Coulomb interactions among the localized electrons (Fe 3d electrons) 43 , to obtain more reliable results, we followed the strategy previous studies [43] [44] [45] [46] have taken that introduces a Hubbard U correction to the GGA for the all calculations of FeO 2 and FeO 2 H. U values were non-empirically determined using the linear response method 47 . The crystal structure for a particular volume was well optimized on a 12 × 12 × 12 k-point mesh and then the phonon frequencies were calculated using the ab initio lattice dynamics 48 method, which is based on GGA + U. The static elastic constants could be calculated from the second derivatives of the free energy as a function of small strains 49 .
To calculate the PDOS and the equations of state, we conducted first-principles calculations using the VASP package 50 based on density functional theory and Phonopy 51 for Quasi-Harmonic Approximation (QHA). We use the generalized approximation by Perdew, Burke and Ernzerhof (the PBE GGA) for the exchange correlation 52, 53 with a plane-wave cutoff of 875 eV and a 12 × 12 × 12 k-point mesh. To treat the 3d electrons of Fe properly, we also used the DFT + U approach 54 and we used the on-site Coulomb interaction and Hund coupling constant 55 . The Helmholtz free energies calculated from the static energy and vibrational density of state (equation (6)) using the QHA versus volume were fitted by isothermal third-order finite strain equations of state. Thus, we can calculate all thermodynamic properties, including pressures at different temperatures and volumes derived from the Helmholtz free energies, and transfer volume-and temperature-dependent elasticity into pressure-and temperature-dependent elasticity based on the equation of state. Data availability. The data that support the findings of this study are available from the corresponding authors on reasonable request. 
